A N understanding of the control of cardiac output by the organism is perhaps one of the most important objectives to Avhich an investigator in circulatory physiology can aspire. An evaluation of those influences which can, at any given heart rate, augment or diminish the external work and power produced by the ventricle is basic to the problem. The more systematic organization of the dynamic effects of efferent sympathetic and vagal impulses on the atria and ventricles 1 than had previously been available facilitated the carrying out of investigations to ascertain what receptor sites, if any, might rcflexly have access to such cardiac efferent pathways and thus influence the contraction of the ventricles.
The experiments described below were designed with the intent of evaluating the ability of the carotid sinus to influence the contraction of the atrium and ventricle while heart rate was maintained constant. Preliminary reports on some of these observations have appeared.
2 "
4 Methods The methods used in these experiments were the sumo as those described elsewhere 1 ' 5 ' 8 with the following additions. The reflex effects of carotid sinus stimulation were investigated by stimulation of the carotid sinus nerves after the placement of a unipolar Kubicek electrode. 7 In some experiments, cai'otid artery pressure was lowered by simple occlusion of the braehiocephalic artery so as to block flow of blood in the right vertebral as well as both carotid arteries. When it was desired to examine the reflex effects of changing carotid pressure, the scheme shown in figure 1 was employed. With clamp A closed and clamps B and C open, it was possible to (a) periodically change carotid pressure and observe the acutely From the Laboratory of Cardiovascular Physiology, National Heart Institute, National Institutes of Health, Bethesda, Md.
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Circulation Research, Volume VIII, September I960 3 1 23 induced effects thereof on cardiovascular dynamics, (b) maintain carotid artery pressure at a constant level while examining ventricular performance over a wide range, and (c) then set carotid px -essure at a new level and repeat these observations. This preparation can be converted into a modified Moissejefl! preparation 8 by (a) ligating all discernible arterial branches in the carotid sinus region and (b) permitting blood to flow from a side ami in the tubing proximal to clamp C into the bracbiocephalic and left subclnvinn arteries. Under these circumstances cerebral blood flow is through the vertebral arteries rather than the carotid arteries. A sidearm leading to a surge chamber (not shown) when inserted into the pump line between the pump (P) and the rotameter (ROT) allows a change from a pulsatile to a nonpulsatile flow into the carotid arteries. In some experiments, the rami to the left stellate ganglion were carefully looped with fine silk ligatures so that after inducing the reflex effects due to changes in carotid pressure, these rami could be rapidly sectioned. Atrial stimulation at a constant rate was maintained throughout each experiment, except where so specified.
Results

Influence of the Carotid Sinus on Ventricular Dynamics: Carotido-Ventricular Reflex
In each of the experiments described in this section, bilateral cervical vagotomy had been done and the heart paced at a constant rate via the atrium. The changes observed following a given intervention could, therefore, be attributed to a reflex alteration in sympathetic activity.
Carotid Sinus Nerve Stimulation
Results representative of those obtained in 11 experiments on 4 dogs in which either the right and/or the left carotid sinus nerve was stimulated while maintaining heart rate constant are shown in figure 2. During the period of stimulation, left atrial pressure rose while aortic pressure, stroke volume and calculated stroke work fell. The PA-LA pressure difference narrowed. The directional changes ob- served were the reciprocal of those seen when the stellate ganglion is stimulated and similar to those which occur when stellate stimulation is withdrawn. 1 Figure' 3 illustrates the changes observed when carotid sinus hypotension was induced by braehioeephalie artery occlusion. The right stellate ganglion rami and both vagi had previcrasly been sectioned; the left atrium was paced at a rate of 131/min. throughout. The effects of braehioeephalie artery oeclusion and the subsequent release therefrom are shown in A and B. The fall in left atrial pressure accompanying the rise in aortic pressure are changes direetionally similar to those observed with stellate stimulation. 1 The same occlusion was again repeated at C, but instead of releasing the occlusion at the end of period C, the rami to the left stellate ganglion, which had previously been looped with fine silk ligatures, were cut in rapid succession ( fig. 3C , arrow). The changes induced by the occlusion were partially reversed by this intervention. Nine minutes later a fourth occlusion at D produced a less emphatic rise in arterial pressure and a rise rather than a fall in left atrial pressure.
Effect of Independently Controlled Carotid Sinus Pressure on the Position, of the Ventricular Function
Curve (V. F.C.LA) Using the preparation shown in figure 1 , an examination was made of the effects of changing carotid artery pressure on myocardial contractility. Heart rate was kept constant throughout. Data of the type obtained in eight such experiments are shown in figure 4. In the tracing at the left, the intervention made was to change the carotid perfusion pressure (C.S.P.) by adjustment of the pump (see figure 1) . Initially, when the carotid pressure was high and pulse pressure large, aortic flow, aortic pressure and left ventricular stroke work were low in the presence of an elevated left atrial pressure. When carotid perfusion pressure was reduced, aortic now and pressure and left ventricular work rose substantially while atrial pressures fell. It is noteworthy that the increase in the left ventricular stroke work even at a lower filling pressure was several times the observed increase in peripheral vascular resistance. This result was a reproducible one and, as shown in the segmental panel of figure 4 on the right, was also determined to be a gradab!e effect. That is, the relation between filling pressure and external stroke work could be reflexly manipulated in a step-wise manner by making graded changes in the carotid perfusion pressure in much the same way that comparable changes can be induced by grading the frequency of left stellate stimulation. 1 Using the tj'pe of sequence shown at the right in figure 4 aud the same overall approach used in the previously described experiments when examining the eifect of graded stellate stimulation, 1 That is, when the carotid pressure was high the ventricular function curve was shifted to the right and when carotid pressure was low, the curve was shifted to the left. At intermediate carotid pressures, the ventricular function curves were situated correspondingly. Once again, the magnitude of the observed changes in stroke work at any given mean atrial pressure was of interest. In 3 experiments, a modified Moissejeff preparation 8 was used, as described under Methods. The results observed were directly comparable to those obtained when using the preparation shown in figure 1 . In 2 additional experiments, similar results were obtained in dogs in which the bundle of His had previously been sectioned and complete heart block was present.
It was established in previous experiments that, at any given heart rate, a sympathetically induced change in mean left atrial pressure reliably indicates a similar directional change in left ventricular end-diastolic pressure. 1 Direct evidence that the ventricle does produce more external work from any given left ventricular end-diastolic pressure under the influence of carotid hypotension is shown in figure 6 . Lowering the carotid pressure resulted, in a doubling of stroke volume and the production of 6 times as much stroke work from the same end-diastolic pressure. Since the increased stroke work was accomplished in the same period of time, the calculated ventricular power was also 6 times as great during the carotid hypotension. Of particular interest was the observation that during carotid hypotension the more concurrent type of ventricular contraction and the more rapid rate of relaxation allowed for a longer diast.olic interval, changes similar to those observed with stellate stimulation.
Effect of Interrupting the Left Stellate Rami on the Reflex Changes in Myocardial Contractility Produced by Changes in Carotid Pressure
As indicated above, the observed effects of stimulating the isolated left stellate ganglion and of lowering carotid sinus pressure were the same. In order to diminish the possibility that these were coincidental findings, further interventions were carried out. One such is shown in figure 7 . After inducing the previously observed changes in myocardial contractility as a result of lowering carotid pressure (left panel), the left stellate rami were sectioned (right pane'.); left atrial pressure rose slightly and the changes in aortic pressure, aortic flow and stroke work which had been brought about by lowering the carotid pressure were partially reversed after section of the rami. That is, the heart no longer put forth as much external stroke work at the same filling pressures in response to the same level of baroreceptor hypotension after the left stellate pathway was eliminated as it had done while this component of its sympathetic supply was available to it. The right cardiac sympathetics were intact. The increased left ventricular contractility induced by carotid hypotension could also be reversed by ganglionic blockade with 50 mg. of tetraethylammonium chloride injected intravenously.
Effect of Changing the Carotid Pulse Pressure on Myocardial Contractility
It has been demonstrated by Ead, Orreen and Neil 0 that changing from a pulsatile to nonpulsatile pressure in the carotid sinus produces an increased sympathetic outflow as evidenced by an elevated peripheral vascular resistance. It was of interest, therefore, to ascertain whether such a maneuver would also augment myocardial contractility. By means of opening or closing a surge chamber in the carotid perfusion line, it was possible to perfuse the carotid sinuses alternately with a wide pulse pressure or a narrow one at the same mean pressure and with the same mean flow. Data from 1 of the 3 such experiments performed are shown in figure 8 . The experimental objective was in eacli case preceded by the demonstration of the gradable increase in myocardial contractility that could be produced by changing from a high to a low carotid pressure. An intermediate carotid pressure was then selected ( fig. 8 , left panel), and, after obtaining control values, the surge chamber was opened so as to all but abolish the pulse pressure (middle panel). Mean carotid artery pressure and flow were unchanged. The result of this intervention Avas an elevated aortic pressure and an increase in stroke volume and stroke work while left and right atrial pressures fell, that is to say, an augmented myocardial contractility when the amplitude of the carotid pulse was diminished. The control values were re-established when the carotid pulse was again widened by closing the surge chamber (right panel).
Pulsus Alternans
In the course of other experiments, 1 it was noted that pulstis alter nans sometimes occurred during the preparation of an experiment shortly after sectioning the rami to the left stellate ganglion, and that this arrhythmia could consistently be abolished within a few seconds by stimulation of the isolated stellate ganglion as well as by norepinephrinc. It was therefore of interest that markedly elevated carotid pressures sometimes produced pulsus alternans in the dog with intact sympathetics ( fig. 9 , left and middle). When pulsus alternans was induced by high carotid pressure in the dog with intact sympathetics, it could consistently be abolished by lowering the carotid pressure ( fig. 9, right) .
Influence of the Cartoid Sinus on Atrial Dynamics: Carotido-Atrial Reflexes Carotido-Vago-Atrial Reflex
In these experiments, the sympathetic chain from the stellate ganglion down through T-5 was removed intact on both sides. This was done so that any change in the atrial a-wave which might occur could be attributed to reflex efferent vagal activity, provided of course, that the observed changes were well within one circulation time. Figure 10A shows data from 1 of 4 such experiments and illustrates the depressant effect of carotid sinus nerve stimulation on the a-wave of the paced atrium in a dog with surgically induced heart block. It also shows the rapidity of the onset and wearing off of this effect. The blocking of the response with atropine ( fig. 10B) Volume VIII, September 1960 onstrates that the response is achieved by vagal efferent fibers. The depression of the atrial a-wave observed with carotid sinus nerve stimulation shown in these figures was comparable to the changes previously observed with direct vagal stimulation. 
Carotido-Sympatho-Atrial Reflex
Iii these experiments, a bilateral cervical vagotomy was done; thus, the effects of changing carotid pressure or of carotid sinus nerve stimulation on the contraction of the atrium could be attributed to reflexes using a sym- pathetic pathway. The dog with surgically induced heart block was used. Figure 11A shows the effect of carotid sinus nerve stimulation on the pressure pulse of the paced atrium and the reflected effect on left ventricular diastolic pressure.
The interplay between sympathetic and parasympathetic influences on the atrium is shown in figure 11B . In the upper panel of this figure, the atrial a-wave was diminished by keeping carotid pressure high. To this was added sufficient efferent vagal nerve stimulation so as to all but abolish the atrial a-wave as well as produce atrial slowing (middle panel). "With the vagal stimulus kept constant, the carotid pressure was then lowered; the results are shown in the lower panel. Both the rate and contractility of the atrium were increased. The concomitant ventricular diastolic phenomena are of interest. The slowing of the ventricular rate produced by vagal stimulation (middle panel) in the heart block dog confirms the 1906 experiments of Erlanger. 10 
Discussion
Role of the Carotid Sinus in Circulatory Regulation
The conventional view of the reflex function of the carotid sinus has been that it primarily influences heart rate and peripheral arteriolar resistance. 11 Its effect on venous distensibility has more recently received emphasis 11 ' 12 and additional support from studies with a venous balloon, 13 ' 14 as well as the definitive experiments of Bartelstone. 15 The experiments shown above demonstrate that the carotid sinus can vary the vigor of atrial contraction by reflexly changing both efferent vagal and sympathetic impulses and Circulation Research, Volume VIII, September 1960 can thereby substantially vary ventricular filling. They also demonstrate the wide range of changes in ventricular stroke work and power that will be produced from whatever ventricular filling pressure is provided when the carotid pressure is lowered. These data confirm the suggestions by Sarnoff 10 and Agostoni, Chinnock, and Daly 10 " that carotid sinus stimulation can shift the ventricular function curve and are consonant with the observations of Carlsten et al. 17 in man which led those authors to postulate a reflexly induced cardiac inotropic effect arising from the carotid sinus. A simple means of relating the experiments described above to the studies of Charlier ls is not immediately apparent. The relatively modest effect on ventricular dynamics recorded by Cotten and Moran 19 with a right ventricular strain gage arch would not appear to be compatible with the present data.
During the course of these investigations a pattern of the baroceptor's functional role has been evolved which brings together a variety of observations in a manner that seems to have an appealing unity. This position holds that one dominant physiologic responsibility of the carotid sinus in circulatory regulation is to augment or diminish the contraction of the ventricle. The basis for this is as follows: 1. Carotid hypotension diminishes venous distensibility. The net effect of such a change, if it alone occurs, is an increased ventricular end-diastolic pressure and fiber length and thus an augmented ventricular contraction. Splenic contraction would have the same effect. 2. Carotid hypotension augments and shortens the atrial contraction by means of the carotido-vago-atrial and the carotido-sympatho-atrial reflexes. The net effect of such an atrial augmentation, if it alone occurs, is an increased ventricular enddiastolic pressure and fiber length and thus an augmented ventricular contraction. 3. Carotid hypotension directly augments the work produced by the ventricle from any given end-diastolic pressure or fiber length. 4 . Carotid hypotension directly augments ventricular power since it shortens the systolic time for any given amount of work pro- duced and provides more rapid relaxation. If this alone occurs, it provides for a longer interval of diastolic filling than would otherwise occur and thus produces an augmented ventricular contraction, a factor which becomes especially important at accelerated heart rates. 5 . The more complete systolic emptying consequent on carotid hypotension places the ventricle on a lower and more sensitive portion of its diastolic pressure-length curve. As a result, there will be more filliug and a greater fiber length elongation produced by any given atrial systole than if the more complete systolic emptying had not taken place. 1 6. The increased peripheral vascular resistance during carotid hypotension maintains a higher aortic pressure at any given stroke volume and heart rate than would otherwise be present. In addition to maintaining an adequate pressure for coronary perfusion, the higher aortic pressure produces an increased ventricular contractility through homeometric autoregulation. 20 7. Tachycardia, per se, influences ventricular contractility through the Bowditch staircase effect now. 8 . The cateehol amines secreted by the adrenal medulla in response to a lowering of carotid sinus pressure would be expected to reinforce the effects enumerated above.
The intended purpose of synthesizing the available information in this manner is not to denigrate the importance of changes in heart rate nor to minimize the contribution of regional changes in peripheral vascular resistance. Rather, the purpose is to invite a reevaluation of the proper role of the carotid sinus in circulatory regulation. It seems fair to insist that to view the carotid sinus as a sense organ which acts primarily to safeguard blood flow to the vital organs, such as the brain and heart, is no longer a tenable position. It would seem much more appropriate to cast it in the role of a sensing element which helps to regulate blood flow to all the tissue of the organism in accordance with their activity and metabolic requirements.
3 ' "• 23 To a substantial extent the baroceptor system operates much like a voltage regulating element in an electrical system, i.e., it causes an appropriate variation of input so as to maintain a constant voltage when the current requirements of the system it is supplying are changed. An example of its operation in this manner was obtained recently in experiments in which it was demonstrated that local muscular activity effectively produces a functional sympathectomy in the vascular bed of the active area. 24 ' 25 It was shown that when carotid pressure was elevated, thus inhibiting the stimulatory action of its reflex autonomic activity, the blood flow through the active muscular area was lower, the venous pC>2 from it was decreased and the arteriovenous 0^ difference across it was widened, each by substantial amounts relative to what these values were when carotid pressure was lower.
It is certainly not meant to suggest that the baroceptor sensing system alone is responsible for the initiation or maintenance of the changing level of cardiac output in varying states. There can be little doubt, however, that it can exert a strong influence and, under certain conditions, may be of considerable importance. Interdependence of Changes in Heart Bate and Contractility It would almost appear that the medullary centers appreciate the extent to which tachycardia encroaches on the time available for diastole 20 
"
29 and thus do not have the temerity to impose tachycardia without providing simultaneous inotropic safeguards against a time-limited ventricular relaxation and the restricted period for coronary inflow which would otherwise take place. A simultaneous increase of both heart rate and stroke volume further intensifies the need for a more force- ful and synchronous type of ventricular contraction, since an increased stroke volume also impinges on diastole if the performance characteristics of the ventricle remain unmodified. 28 '-1 ' The pertinent literature, limited though it may be in terms of well controlled experiments, does not reveal examples of a physiologically operative reflex that evokes tachycardia which does not, either directly or indirectly, also simultaneously invoke an increase in contractility. One might predict that if it occurs it must be rare. It is equally difficult to imagine that any operative reflex will produce an increase in the ventricular work produced from any given end-diastolic pressure without simultaneously producing an increase in ventricular power. More specifically, an increase in contractility has, in our experience, uniformly included both. At the very least, it is now clear that carotid sinus hypotension produces not only its well known tachycardia but also simultaneously so modifies the performance characteristics of the ventricle so as to augment both its contractility and power from any given filling pressure.
Interrelation of Intrinsic and Extrinsic Mechanisms
With reference to item 6 above, it is not presently possible to prorate with precision the relative contribution to the changes in the performance characteristics of the ventricle which are made by intrinsic and extrinsic mechanisms when carotid pressure is reduced. It is known that the left ventricle of the isolated heart exhibits an increased contractility simply by increasing the aortic pressure.-0 It is also known that, starting at any given level of aortic pressure, sympathetic stimulation increases contractility in advance of and independently of an augmented aortic pressure. 1 Both must, therefore, play a role in producing the observed increase in ventricular contrac- 
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Symbols same as in figure 6. Bilateral tility induced by carotid hypotension (see fig. 7 ). It seems peculiarly appropriate to the operation of the carotid sinus that both its cardiac and peripheral vascular effects interrelate in such a manner as to reinforce each other, and further, that the increase in norepinephrine background resulting from sympathetic stimulation facilitates the intrinsic mechanism. 1 ' 20 With reference to item 7 above, it is now known that the Bowditch staircase effect is operative in the adequately supported canine heart 20 ' 21 and thus that an increase in rate will, of itself, either increase contractility or protect against the extent to which contractility might otherwise diminish. It is also known that, at any given heart rate, sympathetic stimulation will increase contractility. 1 Again, it is appropriate for the operation of the carotid sinus that both these effects are reinforcing rather than opposing.
Bole of Starling's Law of the Heart in Circulatory Regulation
It is perhaps worthwhile to reopen here the often debated question of the role of Starling's law of the heart in circulatory regulation. We believe that this can be most readily appreciated by posing 2 separate questions.
A. "Is the heart of the normal, unanesthetized, active organism operating in accordance with Starling's law of the heart?" The answer to this is clearly in the affirmative. The continuing beat-to-beat operation of Starling's law of the heart, with both the right and left ventricles operating on their respective curves, provides a convincing explanation of how the ratio between systemic and pulmonary blood volumes is constrained within such narrow limits for the lifetime of the organism. Unlike homeometric autoregulation,-0 the beat which follows immediately after an increase of enddiastolic pressure and fiber length produces more external work than the one immediately before it. As shown most convincingly by Brecher, 80 there are substantial variations in venous return throughout the respiratory cycle. The variations of venous return to the right and left ventricle cannot be the same with respect to either amount or time; in this regard, the ventricles are, in fact, often reciprocating with each other to varying degrees. Further, the importance of changes in left ventricular volume relative to its stroke work throughout the respiratory cycle and also the fact that this relationship still obtains after changing the circulatory state by inducing exercise, has been firmly established. 31 Hamilton 3 -(who has not been one of the staunchest supporters of the importance of Starling's law) cites the early work of Henderson and Prince 88 and supports the position established by Berglund 34 in a statement which, in some ways, is difficult to improve upon. He said, " I believe that the Starling law does play a very important role in everyday life and that that role is to preserve the balance between the pumping of the right and the left ventricle. This balance must be exact and, since the 2 ventricles are subject to the same hormonal and nervous influences, they each act as a control for the other. We have shown that the natural heart moves from curve to curve in a plot like that in figure  1 . The 2 ventricles cannot do this separately. They have to follow each other from curve to curve aud, so far as I can think at present, only a delicate adjustment of strength of con- If it is to be assumed that Starling's law is not operative to an important extent in the normal organism, to what end is there a venous pumping action in muscles? "What significance does reflexly induced venoconstriction have ? How is it that the atria can so markedly vary the amount of blood they propel into the ventricles and end-diastolic fiber length as the result of reflexly induced stimulation? On the basis of known mechanisms, these achieve physiologic significance only to the extent that they influence ventricular filling, stroke work and stroke volume. Yet Pickering 35 (who was at some pains to underscore the importance of Starling's contributions) came to the conclusion that the generality elaborated by Stalling is of importance mostly because it is informative about the heart failure syndrome but "has only limited application to the normal human heart." B. The second question is "Does the simple operation of Starling's law of the heart, of itself, account for the observed changes in cardiac output with varying states, for example, exercise?" The answer to this is clearly no, nor have we ever put forth the contrary view. with a change in posture. 30 " 3 " The positive position we wish to point out, however, is that the central nervous system has available to it both direct and indirect pathways by means of which it can continuously provide varying degrees of gain for the fundamental FrankStarling relationship, and that the exploitation of these available pathways plays a most important role in the control of cardiac output.
Since the carotid sinus can, both directly and indirectly, reflexly modify both the filling and the contractility of the ventricles over such wide ranges, it invites a consideration of its participation as one significant influence in the control of cardiac output in varying states.
Summary
A lowering of pressure in the earotid sinus reflexly increases the force of atrial systole by (a) increasing sympathetic activity to the heart (carotido-sympatho-atrial reflex) and (b) decreasing efferent vagal activity to the heart (carotido-vago-atrial reflex); an elevation of carotid pressure has the reverse effect. The carotid sinus can thereby vary ventricular etid-diastolic pressure and fiber length. A change of pressure in the carotid sinus reflexly modifies the ventricle's contractility such that from a given end-diastolic pressure or fiber length, with a low carotid pressure the ventricle's contraction will be substantially augmented and from a high carotid pressure it will be diminished. The role of the carotid sinus in circulatory regulation has been likened to a voltage regulating element in an electronic system; i.e., it causes an appropriate variation of input into the system so as to maintain a constant voltage when the current requirements of the system it is supplying are changed.
Summario in Interlingua
Un reduction del pression in le sinus carotic augmonta reflexemento le fortia del systole atrial per (a) augmentar le activitate sympathic verso le eorde (reflexo carotieo-sympathico-atrial) e (b) reducer le offereiite activitate vagal verso le corde (refloxo earotico-vago-atrial). XJn elevation del pression carotic lia le effecto contrari. Assi lo sinus carotic pote causar un variation in le pression termino-diastolic ventricular e le longor del fibrils. Un alteraton del pression in le sinus carotic modifica reflexemente lo contraetilitfitc del ventriculo, de maniera quo-con un particular pression termino-diastolic o longor de n'bra-le contraction del ventriculo essera considerabilemente augmentato in le presentia, de basse pression carotic e diniinuite in le presentia de basse pression carotic. Le rolo del sinus carotic in le regulation del circulation ha ossite comparate con un elemento quo regula le voltage in un systema electronic, i.e., illo causa 1111 appropriate variation de entrata in tal maniera que un constitute voltage es mantenite quando lo requirimentos de currento es alterate in le systema aliincutate per illo.
